a nonlinear, compressible, spectral collocation code to address the relative evolutions of two-dimensionM motions obtained in two-and three-dimensionM simulations of gravity wave breaking. That study illustrated the effects of instability on the wave field and mean flow evolution and suggested that two-dimensionM models are unable to fully describe the physics of the wave breaking process. The present paper examines in detail the structure, evolution, and energetics of the three-dimensionM motions accounting for wave instability as well as their associated transports of momentum and heat. It is found that this instability comprises counterrotating vortices which evolve very rapidly within the convectively unstable region of a breaking wave. Instability scales are selected based on wave geometry and vortices are elongated in the streamwise direction (horizontal wavenumber in the spa,nwise direction) and result in the rapid collapse of superadiabatic regions within the wave field. The resulting spectra show clearly the transition from gravity wave forcing of harmonics of the incident wave to instability onset and evolution. Fluxes of momentum and heat by the instability reveal the manner in which the gravity wave amplitude is constrained and the influences of instability on the wave transports of these quantities. The breakdown of the instability structure and its evolution toward isotropic smMl-scMe structure is the subject of the companion paper by Islet et M. (this issue).
Small-Scale Structures
We now consider the small-scale motions that account for the observed structure in the potential temperature To examine the instability structures more quantitatively, we present in Plate 4 the same evolution displayed in Plate i but with positive and negative contours of the x component of vorticity, (• = Ow/OyOv/Oz, included to illustrate the development and effects of these structures. These images show the vortex pairs to evolve within and remain closely aligned with the convectively unstable portion of the wave field at early times in the instability evolution. As discussed above, each upward displacement of the wave front corresponds to a vortex pair, with upward motions at the (8) include the source/sink terms due to mean and wave wind shear, a pressure-source term expressing conversion between eddy kinetic and internal energies, a buoyancy term representing conversion between eddy kinetic and potential energies [Gill, 1982; Pedlosky, 1987] , and the spectral viscosity described by Andreassen et al. [1993] . There it was shown that the 3-D instability evolved much more rapidly and was significantly more effective at limiting the incident gravity wave amplitude than was the 2-D instability. Our intent here is to look at this eddy kinetic energy evolution in the 3-D simulation in greater detail by considering both its growth within the unstable regions and its decay once these vortex structures have been advected into the stable portion of the motion field. We consider only the evolution and energetics of the coherent vortex structures in this paper, however. Their subsequent evolution and breakdown to isotropic, small-scale structures is addressed in the companion paper by Islet et al. 
Summary and Conclusions
We have presented an analysis of the structure, evolution, and energetics of the instability responsible for the breaking and saturation of a large-amplitude gravity wave in three dimensions. The instability comprises pairs of counterrotating vortex structures analogous to the longitudinal rolls in sheared Rayleigh-Benard convection. Vortex structures are aligned along the plane of wave propagation (a horizontal wavenumber in the spanwise direction), are confined during their initial evolution to the convectively unstable regions within the wave field, and resemble closely the spanwise structures The three-dimensional simulation of wave breaking examined here differs dramatically from that occurring in the parallel two-dimensional simulation discussed by Andreassen et al. [this issue ]. This suggests that 3-D studies are necessary to describe adequately the instability structure accompanying wave breaking and its implications for wave amplitude limits, transports, spectral evolution, and turbulence generation and effects. 2-D models with these instability effects suitably parameterized may, nevertheless, describe wave effects and wave-mean flow interactions in more general applications at larger scales.
